The thermodynamics of isobutane dehydrogenation reaction was investigated thoroughly using most reliable literature data. Conversion and reaction mixture distribution at equilibrium were computed for various process conditions. Reaction enthalpy, ∆ , ranges between 122±1.1 and 123±1.2 kJ.mol -1 over the temperature 773.15 to 923.15 K where the equilibrium constant value varies between 0.12±0.03 and 2.6±0.7. The reaction becomes thermodynamically favorable at temperatures higher than 873.15 K.
Introduction
Dehydrogenation reactions are largely employed in the chemical industry. The route to obtain principally olefins, for example, isobutene, is generally carried out using isobutane dehydrogenation on Cr-or Pt-based catalysts. iC4H10(g) = iC4H8(g) + H2(g) Open literature lacks however technically convenient information about thermodynamic equilibrium description of this reaction.
The Catofin ® and the Snamprogetti-Yarsintezi ® -FBD4 are the only two commercially proven dehydrogenation processes using Cr-based catalysts. Both processes do not use diluent to the feed gas. Catofin ® process operates at subatmospheric pressure in the temperature range 860 to 920 K. While the FBD4 process operates at slightly higher than atmospheric pressure in the temperature range 800 to 860 K [1] [2] [3] . The Oleflex ® process is the sole commercial process based on platinum catalyst, it operates at slightly higher than atmospheric pressure using feed gas enriched with hydrogen under moderate temperatures [2, 4] .
Literature described a variety of methods for prediction of thermodynamic properties of isobutane, isobutene and hydrogen. Therefore, wide discrepancy exists among experimental and estimated values of equilibrium constants and conversions [5] [6] [7] [8] [9] [10] [11] [12] .
In this work it is attempted to estimate thermodynamic parameters, including molar enthalpy, molar Gibbs free energy, equilibrium constant, conversion and product distribution of isobutane dehydrogenation reaction. Emphasis will be given to industrially relevant conditions.
Computational Work 2.1 Criteria for Input Data Selection
The main difficulty in analyzing thermodynamic equilibrium of reactions is to evaluate the Gibbs free energy, ∆ . As ±1 kJ.mol -1 uncertainty in Gibbs free energy amplifies to ±12 % uncertainty in equilibrium constant at 1000 K due to exponential dependency between both parameters [13a, 14] .
Differences in estimated or measured quantities of standard enthalpy of formation ∆ , standard free enthalpy of formation (Gibbs free energy of formation) ∆ , standard entropy of formation , and molar gas phase heat capacity (contributors to ∆ ) are frequently at the core of disputes among groups of researchers.
Accuracy of thermodynamic quantities usually differs following to the technique of measurement, or following to the method of estimation. For example, ∆ usually measured by bomb or flame calorimetric techniques. Both techniques are trustworthy [14] , however each yields own accuracy. On the other hand, estimation methods exhibit dissimilar accuracies [6] [7] [8] [9] 12, 15] . The thermodynamic quantity should be therefore defined with sufficient completeness with respect to the required accuracy so that all practical purposes associated with this quantity is unique. The usefulness of thermodynamic data, and thus much of the information that it provides, is therefore largely determined by the quality of the statements of uncertainty. To meet the needs of some industrial and commercial applications expanded uncertainty is moreover favored [16] . Hence, both uncertainty information will be provided throughout this work.
The first part of this work will be devoted to evaluate available experimental thermodynamic data involved in calculation. Estimated thermodynamic quantities will be used, whenever experimental values are missing.
Best available experimental quantity (x) will be selected based on relative standard uncertainty ur(x), which is defined as the absolute difference ∆x between measured and a reference quantity xcalc. divided by the reference quantity:
, whereby xcalc. is a "conventional true value" of the described thermodynamic quantity estimated favorably by Benson's method [12,13a,17] or through its improvement by Domalski and Hearing [7] . Exceptions will be indicated if any. This criteria is expected to act as uniform uncertainty information of thermodynamic quantities in literature. Calculation is then proceeded as follow.
Calculation Method
The following gives the summary of calculations:
Both ∆ and ∆ are temperature dependent according to Eqs. (5) and (6) .
The heat capacity of reaction mixture can be defined as follows:
The values of individual molar heat capacities , follow diverse temperature functions. Thus, the results of Eq. (5) or (6) differ accordingly.
Temperature dependency of the heat capacities of gases is commonly represented by polynomials of the form [13b, 18, 19] :
Poling et. al [13b], Reid et. al [18] and Kyle [20] give a set of thermodynamically consistent polynomials of the order four or five for estimation the ideal gas heat capacity. These polynomials functions will be critically evaluated in next section. Shomate function specified in [21] , and other functions given in [22] and [19] were excluded due to less properly fitting to existing experimental data. Thus, using Eqs. (7) and (8), it is now possible to compensate for temperature-induced changes in both the enthalpy and entropy terms respectively in Eqs. (5) and (6) , allowing the calculation of thermodynamic equilibrium constants. This is accomplished by substitution and rearrangement that yields the followings:
whereby: 
It is also possible to compute free reaction enthalpy at temperature T from Eq. (4) or from Eq. (11):
The relationship between K and equilibrium conversion X(iC4H10,e) can be determined using the following path:
where υ is the reaction stoichiometric coefficients
Mole fraction can be expressed by using reaction number ε:
̇= ∑̇
= sum of mole streams of all feed components (iC4H10, and H2, inert gas if any)
Thus, using Eqs. (12)- (16), it is possible to express the relationship between the K and X: (17) where i and h are:
i and h are the number of moles of inert gases and hydrogen per mole of isobutane in the feed, respectively.
In some industrial operations, like in Oleflex process, part of the hydrogen produced is recycled to inhibit the formation of coke on the catalyst. However this is not the case with the other two commercial processes. Thus, for inert/hydrogen free isobutane feed the equilibrium conversion can be readily calculated by
Heat Capacity Regression Coefficients
Regression of several mathematical polynomials for gas phase heat capacity was compared with experimental data from literature. Regression coefficients of these polynomials for related reaction species are given in Tables 1 -3 . Evaluation criteria is described in section 2.1. Reid et. al [18] Kyle [20] Est.Cp [18] ur(Cp) x100
Est.Cp [20] Figure 1 , displays the excellent fit of adopted polynomials to experimental and data of gas phase heat capacities of reaction species. 
∆ , and ∆ , from Literature
Many studies reported various values for ∆ , , ∆ , , and ∆ , for isobutane and isobutene. Main sources and values are summarized in Table 7 and 8. Selection of most reliable data follows lowest relative uncertainty; mainly for ∆ , and ∆ , as explained in section 2.1. Table 7 foot note c) x100, estimated based on reference [8] e) quoted experimental value, reference not given f) ∓1.09 kJ.mol Due to diversity of measurement/estimation techniques, it appears convenient to consider that all thermodynamic figures given in these tables have equal probability to be correct. Uncertainty is then estimated following to the method described in [16] for rectangular distribution of type B. Standard uncertainty is therefore calculated from the following equation:
where x is the variable; for ∆ , or ∆ , , a is the half of the interval between measurand's upper-and lower bounds. The values for each compound listed in bold were selected for all subsequent calculations. Maximum difference in reported ∆ , values according to Tables 7 and 8 . These differences are generally accounted as usual fluctuation in reported thermodynamic data.
Results and Discussion

Sensitivity Analysis
Equilibrium constant, KT, is very sensitive to the thermodynamic quantity, ∆
. In following it is demonstrated how much available information can affect the value of KT and other thermodynamic parameters for isobutane dehydrogenation reaction. Table 9 compares calculated standard molar reaction enthalpy and standard molar Gibbs free energy, while It is to recognize that mathematical analysis of uncertainties in thermodynamic parameters usually follows reasonable assumptions. Expanded uncertainty of standard molar enthalpy, 1.0 kJ.mol -1 , for example, is calculated based on equal probability assumption for all literary available enthalpies of formations since they have different origin and methods as described above.
The calculation of uncertainty in equilibrium constant is rather more complicated. Thus reasonable assumption must be made to simplify the calculation. One could make here two different, however both seem reasonable, assumptions: a. Each of temperature and heat capacity coefficients have negligible error: In this case expanded uncertainty of equilibrium constant, (KT), could be calculated according to Eqs. (4), (10), and (21) - (24):
whereby k =2 is the coverage factor for 95% confidence level, uc(xi) is the combined uncertainty (propagated uncertainty), calculated according to Eq. (22):
where f is the function according to Eq. (1) 
whereby: (∆ ) is the combined uncertainty in heat capacity of reaction mixture at temperature T according to Eqs. (7), (22) and (28) . Uncertainty in heat capacity for each reaction species u(Cpi) is estimated using differences ∆ between experimental-and Cpi-data after Reid et al. [18] . The variance of differences for concerned T range between 700 and 1000K (N = 4 points, typed in bold in the tables 4-6) are calculated using Eqs. (26) and (27), following to the method described in [16] for "type A evaluation" under assumption that individual observations of Cpi differ in values due to random effects. The further uncertainty calculation is accomplished using Eqs. (27 through 31):
Intermediate results:
From Eq. (7) and Eq. (22):
Eq.(25) can be resolved after T, using following input data: (∆ 298.15 ) = 0.52 kJ.mol
From Eq.(6) and Eq. (22):
Eq.(29) can be resolved after T, using following input data:
From Eq. (11) and Eq. (22):
Eq. (30) to be resolved after T and outcomes of Eqs. (29) and (25) From equations (4), (22) and (24):
Expanded uncertainty ( ) is then calculated according to Eq. (21). Table 10 reports equilibrium constant with expanded uncertainties ranging between 21.5 and 23.5% of K value following to the first assumption, versus 26 to 26.5% following to the second assumption. It is apparent that both assumptions give reasonably matching uncertainty. Besides, one can see that slight difference in standard molar reaction enthalpy (0.61 kJ.mol -1 , Table 9 ) or in standard molar Gibbs free energy (0.79 kJ.mol -1 , Table 9 ) leads up to 16% difference in equilibrium constant at high temperatures. Thus it is important to select accurate input data from literature for calculation. Figure 2 shows equilibrium constants calculated according to various data sources, under usage of same CpTemperature regression function. All values are within the given uncertainty limits, using first assumption. 
Equilibrium of Isobutane Dehydrogenation Reaction
The set of data selected above has the advantage of including "best available" thermodynamic quantities: ∆ , , and ∆ , , and and best fitting Cp-T regression function in literature. The reaction enthalpy, the Gibbs free energy change and equilibrium constant of isobutane dehydrogenation reaction have been calculated for industrially relevant temperatures. Results are shown in Tables 10 and 11 .
The reaction is strongly endothermic. From industrial point of view, to achieve reasonable equilibrium conversion, the reaction is usually operated at high temperature and low pressure in Catofin process. FBD4 and Oleflex processes, however, operate at pressure slightly above atmospheric. Therefore, equilibrium conversion has (21) and (22), whereby f is the function according to equation (19) The resulted equation is the following: ( Composition of isobutane dehydrogenation reaction mixture at thermodynamic equilibrium was calculated using Eqs. (13) - (16) . Results are tabulated in Tables 17 -24 .
Conclusions
In this study thermodynamic parameters, including molar enthalpy, molar Gibbs free energy, equilibrium constant, conversions and product distribution were calculated for isobutane dehydrogenation reaction at industrially relevant conditions for various processes. The outcome of the study is believed to form a potent source of information for plants operators, researchers and process developers. Table 17 . (21) and (22), whereby f is the function between yi and X resulting from substitution K in equations (12) and (17) . Thus resulted equations are the followings:
For isobutane: (
For isobutene: (
For hydrogen: ( 
